All computer codes and cellular models are available from the repository CellML (<http://models.cellml.org/workspace/5c7>) and GitHub (<https://github.com/aspirerabbit>).

Introduction {#sec001}
============

Atrial fibrillation (AF), the most common sustained heart rhythm disorder, affects more than 33 million people worldwide and represents a growing cause of stroke and morbidity\[[@pcbi.1007678.ref001], [@pcbi.1007678.ref002]\]. Although the prevalence of AF increases with age and with the context of concomitant cardiac pathologies such as myocardial ischemia, hypertension and heart failure, genome-wide association studies (GWAS) have shown that one-third of AF patients carry common genetic variants, suggesting that AF has a heritable component\[[@pcbi.1007678.ref003]--[@pcbi.1007678.ref005]\]. These single nucleotide polymorphisms rs2200733 and rs10033464 were firstly identified in European, Chinese and Japanese populations on chromosome 4q25\[[@pcbi.1007678.ref006]\]. The gene-poor 4q25 region harbors the Pitx2 homeobox gene, which has been implicated in AF predisposition\[[@pcbi.1007678.ref003], [@pcbi.1007678.ref004], [@pcbi.1007678.ref007]\].

Pitx2 plays an important role in a left-sided signalling pathway that establishes the left-right asymmetry of the heart\[[@pcbi.1007678.ref008], [@pcbi.1007678.ref009]\]. Pitx2 encodes 3 isoforms (Pitx2a, Pitx2b and Pitx2c) and the Pitx2c isoform promotes the embryonic development of cardiac left--right asymmetry, with levels in right and left atriums being 1:100\[[@pcbi.1007678.ref010]\]. The atrial-selective transcription factor Pitx2 is an upstream transcriptional regulator of atrial electric function and cardiogenesis\[[@pcbi.1007678.ref011], [@pcbi.1007678.ref012]\]. Complete loss of Pitx2 function can result in malformation of the pulmonary veins that are well-known sites for ectopic activity promoting spontaneous AF\[[@pcbi.1007678.ref009]\]. Pitx2 loss-of-function mouse mutants displayed abnormal electrocardiograms with atrioventricular block, irregular R-R intervals and low voltage P waves\[[@pcbi.1007678.ref013], [@pcbi.1007678.ref014]\]. In the Pitx2-mutant atrial myocytes, a significantly more depolarized resting membrane potential (RMP)\[[@pcbi.1007678.ref014], [@pcbi.1007678.ref015]\], action potential duration (APD) shortening\[[@pcbi.1007678.ref010], [@pcbi.1007678.ref016], [@pcbi.1007678.ref017]\], and abnormalities in calcium handling\[[@pcbi.1007678.ref018], [@pcbi.1007678.ref019]\] were observed. Furthermore, expression array analyses identified genes related to calcium handling, gap junctions and ion channels affected by the reduced expression of Pitx2, mediating AF risk in carriers of common gene variants\[[@pcbi.1007678.ref010], [@pcbi.1007678.ref013], [@pcbi.1007678.ref014], [@pcbi.1007678.ref016], [@pcbi.1007678.ref019]--[@pcbi.1007678.ref021]\]. However, the precise AF pathophysiology under reduced Pitx2 remains unclear. Population-based studies have assessed the influence of common SNPs related to AF on the response to antiarrhythmic drug (AAD) therapies and showed that carriers of the variant allele at rs10033646 on chromosome 4q25 (Pitx2) responded favourably to the class I AAD (flecainide)\[[@pcbi.1007678.ref022]--[@pcbi.1007678.ref026]\]. The possible reasons behind this remain elusive.

In this study, we aimed to utilize virtual human atrial models to investigate the functional role of Pitx2-induced remodeling in atrial arrhythmogenesis and to examine the mechanism underlying the efficacy of flecainide for patients with Pitx2-induced AF. To achieve this, we adopted the previously modified and validated Courtemanche-Ramirez-Nattel model (CRN-TPA) for the human atrial cell by incorporating formulations of intracellular calcium dynamics from the ten Tusscher-Panfilov model to reproduce triggered activity\[[@pcbi.1007678.ref024], [@pcbi.1007678.ref027]\]. We then modified the model to produce four distinct models of Pitx2-induced electrical remodeling based on grouping existing literature. Furthermore, regional cellular heterogeneity between RA and LA, as well as Pitx2-induced structural remodeling including cell-cell coupling and fibrosis, was integrated into the computer models. Lastly, the antiarrhythmic action of flecainide was systematically simulated by integrating the block effects of flecainide on the sodium channel *I*~*Na*~, rapidly activating delayed rectifier potassium channel *I*~*Kr*~ and ryanodine receptor (*RyR*) into atrial cell models.

Methods {#sec002}
=======

An overview of our multi-scale human atrial models are provided in **[Fig 1](#pcbi.1007678.g001){ref-type="fig"}**. The downregulation of Pitx2 in membrane effector genes (the magenta circles) and alterations in ion channels and gap junction encoded by these genes were integrated into the multi-scale atrial models (**[Fig 1A](#pcbi.1007678.g001){ref-type="fig"}**). The developed models included single cells, 1D atrial strands and 2D atrial tissue. These Pitx2-mutant models were then incorporated with the actions of flecainide on ion channels (the red circles) to assess its efficacy.

![Multi-scale computer models to investigate the mechanism underlying Pitx2-induced AF and the effects of class Ic AAD (flecainide).\
**a**, The computer models incorporated Pitx2-induced electrical and structural remodeling, and flecainide interactions with ion channels. Remodeled targets (magenta circles) included gap junction, I~K1~, I~Ks~, I~Na~, I~CaL~, RyR and SERCA. Drug targets of flecainide (red circles) were I~Kr~, I~Na~ and RyR. Under the control condition, heterogeneity in Pitx2 expressions (**b**) and AP (**c**) between LA and RA was included in the computer models. **d**, Based on experimental and clinical studies up to date, four Pitx2 deficiency-induced human atrial cell models were developed: Pitx2-1 with remodeled I~K1~ (green), Pitx2-2 with remodelled I~Ks~ and I~CaL~ (magenta), Pitx2-3 with remodelled I~CaL~, RyR and SERCA (red) and Pitx2-4 with remodelled I~K1~, I~Ks~, I~Na~, I~CaL~, RyR and SERCA (blue). Abbreviations: AF--atrial fibrillation; AAD--antiarrhythmic drug; LA--left atrium; RA--right atrium; AP--action potential; RyR--ryanodine receptor; SERCA--calcium transport ATPase.](pcbi.1007678.g001){#pcbi.1007678.g001}

Human atrial cell model {#sec003}
-----------------------

At the single cell level, a recent human atrial cellular kinetics model (CRN-TPA) (**[S1 Fig](#pcbi.1007678.s001){ref-type="supplementary-material"}**) developed by our group was further adapted to simulate control and Pitx2 deficiency-induced AF conditions\[[@pcbi.1007678.ref024]\]. Cellular heterogeneity between LA and RA was modeled by taking into account differences in mRNA level for Pitx2 and in *I*~*Kr*~ current density (**[S1 Table](#pcbi.1007678.s011){ref-type="supplementary-material"}**). Under control conditions, Pitx2 level in human LA is almost 100-fold higher in the LA as compared to that in RA\[[@pcbi.1007678.ref010]\] **([Fig 1B](#pcbi.1007678.g001){ref-type="fig"})** and *I*~*Kr*~ current density in LA cells is 1.6-fold of that in RA cells\[[@pcbi.1007678.ref028], [@pcbi.1007678.ref029]\] **([Fig 1C](#pcbi.1007678.g001){ref-type="fig"})**.

Pitx2-induced electrophysiological remodeling {#sec004}
---------------------------------------------

To study the effect of the Pitx2-dependent gene regulatory network in human atrial myocytes, we incorporated alterations in the ion channel properties due to Pitx2 deficiency into the CRN-TPA model. These Pitx2-induced changes in ion channels and cell-to-cell coupling have been characterized in many animal studies. Although these studies have shown SR calcium overload, RMP elevation and APD abbreviation in Pitx2-mutant mice atrial myocytes\[[@pcbi.1007678.ref010], [@pcbi.1007678.ref014]--[@pcbi.1007678.ref016], [@pcbi.1007678.ref018], [@pcbi.1007678.ref019]\], the identified remodeled ion channels are different in these studies: remodeling in *I*~*K1*~ was identified among some studies\[[@pcbi.1007678.ref014], [@pcbi.1007678.ref015]\]; whereas remodeling in other channels, such as *I*~*CaL*~, *I*~*Ks*~ and *I*~*Na*,~ are present in others\[[@pcbi.1007678.ref016], [@pcbi.1007678.ref019]--[@pcbi.1007678.ref021]\]. Recent studies also characterized changes to the subcellular calcium handling properties and alterations to the tissue structure (i.e., fibrosis and gap junctions)\[[@pcbi.1007678.ref014], [@pcbi.1007678.ref021]\]. To incorporate such variations in experimental data into the computer models, four different scenarios (Pitx2-1, Pitx2-2, Pitx2-3 and Pitx2-4) (**[Fig 1D](#pcbi.1007678.g001){ref-type="fig"}**) were considered here for simulating Pitx2-induced remodeling (**[Table 1](#pcbi.1007678.t001){ref-type="table"}**). Pitx2-1 included the remodeled inward-rectifier potassium current (*I*~*K1*~) (green)\[[@pcbi.1007678.ref015]\], while Pitx2-2 included the remodeled L-type calcium current (*I*~*CaL*~) and slow delayed rectifier potassium current (*I*~*Ks*~) (magenta)\[[@pcbi.1007678.ref016]\]. Pitx2-3 has incorporated with remodelled key regulators associated with calcium handling, i.e., *I*~*CaL*~, RyR and calcium transport ATPase (SERCA) (red)\[[@pcbi.1007678.ref019]\]. The Pitx2-4 model took into account all identified regulators and best represented Pitx2 deficiency-induced electrical remodeling by including remodeled *I*~*Na*~, *I*~*Ks*~, *I*~*K1*~, *I*~*CaL*~, *RyR* and SERCA\[[@pcbi.1007678.ref015], [@pcbi.1007678.ref016], [@pcbi.1007678.ref019], [@pcbi.1007678.ref021]\] (blue). Furthermore, based on the assumption that the extent of electrical remodelling in atrial cells is dependent on mRNA level for Pitx2, Pitx2-modulated targets in LA cells have a 100 times greater change compared to those in RA cells. This enabled us to: (1) consider a broad range of experimental data on identified ion channel remodeling; (2) investigate the effects of varying degrees of remodeling to reproduce phenomenon observed in animal experiments; and (3) ascertain mechanisms underlying Pitx2-induced AF.

10.1371/journal.pcbi.1007678.t001

###### Review of Pitx2-insufficiency induced remodelling data and model parameters in human left atrium.

![](pcbi.1007678.t001){#pcbi.1007678.t001g}

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Process         Experimental observation                                                                                                                                                                                                                                                     Control   Pitx2-1   Pitx2-2   Pitx2-3   Pitx2-4
  --------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------- --------- --------- --------- ---------
  *I*~*Na*~       -60% (SCN5A & SCN1B) (Chinchilla et al., 2011); -40% (SCN5A & SCN1B) (Lozano-Velasco et al., 2017); +95% SCN5A (Nadadur et al., 2016); No Change ([Syeda](https://www.ncbi.nlm.nih.gov/pubmed/?term=Syeda%20F%5BAuthor%5D&cauthor=true&cauthor_uid=27765191) et al., 2016)   ---       ---       ---       ---       +10%

  *I*~*Ks*~       +150% KCNQ1(Tao et al., <http://circgenetics.ahajournals.org/>2014); +100% (Pérez-Hernández et al., 2015); Increased volt-dependent potassium current (Kirchhof et al., 2011)                                                                                                ---       ---       +100%     ---       +150%

  *I*~*K1*~       -20% (KCNJ2 & KCNJ12) (Chinchilla et al., 2011); +30 (KCNJ2 & KCNJ12) (Lozano-Velasco et al., 2017); -25% (Syeda et al., 2016)                                                                                                                                               ---       -25%      ---       ---       -30%

  *I*~*CaL*~      +500% CACNA1D (Tao et al., 2014); -50% (Pérez-Hernández et al., 2015); -50% (Lozano-Velasco et al., 2015); -30% CACNA1C (Lozano-Velasco et al., 2017); Decreased CACNA1C (Kirchhof et al., 2011)                                                                             ---       ---       -50%      -50%      -30%

  SERCA           +50% ATP2A2(Tao et al., 2014); +1000% ATP2A2(Lozano-Velasco et al., 2015); +100% ATP2A2(Lozano-Velasco et al., 2017); +12% ATP2A2 (Nadadur et al., 2016)                                                                                                                     ---       ---       ---       +200%     +100%

  RyR             +145% RyR2 (Tao et al., 2014); +30% RyR2 (Lozano-Velasco et al., 2015); +30% RyR2 (Lozano-Velasco et al., 2017); +10% RyR2 (Nadadur et al., 2016)                                                                                                                            ---       ---       ---       +30%      +30%

  Gap junctions   -55% GJA1(Chinchilla et al., 2011); -5% GJA1(Nadadur et al., 2016); +100% GJA1 (Tao et al., 2014); +1000% (Pérez-Hernández et al., 2015); -50% (Pérez-Hernández et al., 2015);\                                                                                              ---       -50%      -50%      -50%      -50%
                  -58% (Kirchhof et al., 2011)                                                                                                                                                                                                                                                                                         
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Note: The remodelling in human right atrium is %1 of that in human left atrium. Abbreviations: RyR--ryanodine receptor; SERCA--calcium transport ATPase.

Actions of flecainide on ion channels {#sec005}
-------------------------------------

To investigate the anti-arrhythmic effects of the class Ic drug flecainide, we integrated the actions of flecainide on ion channels and RyR into the Pitx2-mutant computer models. According to experimental/clinical data\[[@pcbi.1007678.ref026], [@pcbi.1007678.ref030]\], modifications to ion channels provoked by flecainide were modeled by using the standard sigmoid dose-response curve (**[S2 Fig](#pcbi.1007678.s002){ref-type="supplementary-material"})** parametrized with *IC*~*50*~ and Hill coefficient (*nH* = 1). The values of *IC*~*50*~ for inhibition of *I*~*Na*~, *I*~*Kr*~ and RyR open probability were 84, 1.5\[[@pcbi.1007678.ref030]\] and 55 μM\[[@pcbi.1007678.ref026]\], respectively.

1D multicellular models {#sec006}
-----------------------

To study the effect of Pitx2-induced remodelling and flecainide on spatiotemporal behavior of electrical waves, we designed a 1D RA-LA strand model in which it has 75 RA myocytes and the other 75 LA cells. The diffusion coefficient (*D*) was set to a value of 0.1 cm^2^/s that gave a CV of a planar wave at 48.61 cm/s, within the physiological ranges (Slow: 30 to 40 cm/s, Normal: 60 to 75 cm/s, Fast: 150 to 200 cm/s). In Pitx2-mutant models, *D* in the LA was reduced by 50% to simulate the reduction in CV resulting from Pitx2-induced structural remodeling. Electrical waves in the strand model were evoked by the supra-threshold stimuli applied to three myocytes at the RA end. VW of unidirectional conduction block, an index to quantify the temporal vulnerability of cardiac tissue to re-entry, was quantified by varying the S1-S2 interval in the 1D homogeneous atrial strand. The protocol included 10 S1 stimuli applied at the end of the atrial strand and an S2 stimulus applied at the central segment of the atrial strand. Furthermore, VW~RA-LA~ of unidirectional conduction block was measured to quantify the RA-to-LA electrical heterogeneity\[[@pcbi.1007678.ref031], [@pcbi.1007678.ref032]\] by varying the S1-S2 interval in the RA-to-LA strand model with 250 RA myocytes and the other 250 LA cells.

2D multicellular models {#sec007}
-----------------------

To illuminate the spatiotemporal dynamics of triggered activity, a 500×500 square tissue model with randomly distributed normal myocytes, Pitx2-4 cells and fibrosis was designed to simulate synchronization of triggered beats and investigate the conditions of arrhythmia induction. Five different scenarios (\#1, \#2, \#3, \#4 and \#5) were considered here for investigating effects of Pitx2-4 cells, fibrosis and cell-to-cell uncoupling on the inducibility of ectopic activity. *D* was set to be 100% for the \#1, \#2 and \#3 conditions, and 30% for the \#4 and \#5 conditions, respectively. The ratios of normal cells, Pitx2-4 cells and fibrosis were set to be 80:20:0, 40:60:0, 78:20:2, 80:20:0 and 78:20:2, for the \#1, \#2, \#3, \#4 and \#5 conditions, respectively. AP synchronization in the tissue model was simulated by a stimulus applied to the entire tissue at the beginning according to de Lang's method\[[@pcbi.1007678.ref033]\]. In addition, the spatiotemporal behavior of spiral waves in the drug-free Pitx2 setting versus in the presence of flecainide was investigated in the 500×500 homogeneous LA tissue. The spiral wave was initiated by a standard S1-S2 protocol. The S1 was applied to the left surface to evoke a planar excitation wave propagating towards the right part. The S2 was applied to a local area of the tissue within the VW to evoke unidirectional propagation that can lead to re-entry.

Code availability {#sec008}
-----------------

The ionic models for RA and LA atrial cells (Control, Pitx2-1, Pitx2-2, Pitx2-3 and Pitx2-4) and mathematical models of drug-channel interactions are freely available from the repository CellML (<http://models.cellml.org/workspace/5c7>). The electrophysiology codes developed by our team and can be obtained from GitHub (<https://github.com/aspirerabbit>).

Results {#sec009}
=======

Pitx2-induced triggered activity in the single cell models {#sec010}
----------------------------------------------------------

The ionic mechanisms of Pitx2 deficiency-induced AF were investigated by examining calcium transient (Ca~i~) and action potentials (APs) using the computer models of control and four different scenarios of Pitx2-deficiency (Pitx2-1, Pitx2-2, Pitx2-3 and Pitx2-4) **([Fig 2](#pcbi.1007678.g002){ref-type="fig"})**. At 1Hz pacing frequency, the Pitx2 deficiency-induced electrical remodeling produced augmented Ca~i~ under Pitx2-3 and Pitx2-4 conditions, and delayed afterdepolarizations (DADs) under the Pitx2-3 condition (**[Fig 2A](#pcbi.1007678.g002){ref-type="fig"}**). Furthermore, we observed an increase in RMP (Pitx2-1 and Pitx2-4), large overshoot and maximum upstroke velocity (dVdt~max~) (Pitx2-4), and APD abbreviation (Pitx2-2, Pitx2-3 and Pitx2-4) in Pitx2-deficient LA cells, compared with controls (**[Fig 2B--2E](#pcbi.1007678.g002){ref-type="fig"}**). However, these changes were absent in Pitx2-deficient RA cells (grey color). Thus, the augmented alterations in APs between RA and LA in the Pitx2-deficient settings, particularly in Pitx2-3 and Pitx2-4, significantly increased regional electrical heterogeneity. Additional simulations at 2Hz pacing frequency were performed to investigate the effects of pacing frequency on APs and Ca~i~. The amplitude of Ca~i~ was increased under all four conditions and triggered APs occurred in Pitx2-deficient LA cells (Pitx2-3 and Pitx2-4) when pacing frequency was increased (**[Fig 2F--2J](#pcbi.1007678.g002){ref-type="fig"}**).

![Simulated action potentials (AP, V~m~) and calcium transients (Ca~i~) of left atrial (LA) and right atrial (RA) cells under controls and Pitx2-induced remodelling conditions.\
At a pacing frequency of 1Hz, AP and Ca~i~ (**a**), RMP (**b**), overshoot (**c**), dVdt~max~ **(d**) and APD (**e**) under control, Pitx2-1, Pitx2-2, Pitx2-3 and Pitx2-4 conditions. Black and grey markers were used for LA and RA cells, respectively. Similar key indicators (**f**-**j**) at a pacing frequency of 2Hz were displayed. Blue arrows indicated delayed afterdepolarizations, triggered action potentials and spontaneous calcium transients. Abbreviations: RMP--resting membrane potential; dVdt~max~−maximum upstroke velocity; APD--action potential duration.](pcbi.1007678.g002){#pcbi.1007678.g002}

To further evaluate the contribution of each remodelled target to the abnormalities in AP under Pitx2-4 condition, we conducted computer simulations by incorporating each ionic remodelling of Pitx2-4. Compared with the control AP, remodelled *I*~*K1*~ resulted in a more positive RMP, increased *I*~*Na*~ contributed to greater overshot and dVdt~max~, altered *I*~*Ks*~, *I*~*CaL*~ or SERCA caused a reduction in APD~90~, and enhanced SERCA increased sarcoplasmic reticulum calcium content (CaSR) and resulted in triggered APs (**[S3A--S3F Fig](#pcbi.1007678.s003){ref-type="supplementary-material"}**).

To further explore the putative targets among the remodelled cellular components that contribute to the Pitx2-4 phenotype, a series of simulations with modified Pitx2-4 models were performed by reversing each remodelled target separately. Compared with triggered APs in Pitx2-4 atrial cells, reversing SERCA remodelling rescued spontaneous depolarizations, but not in other conditions (**[S3G Fig](#pcbi.1007678.s003){ref-type="supplementary-material"})**.

Effects of flecainide on Pitx2-induced arrhythmias at the single cell level {#sec011}
---------------------------------------------------------------------------

To assess the class Ic AAD flecainide, we have performed computer simulations with modelled the interaction of flecainide with *I*~*Na*~, *I*~*Kr*~ and RyR. **[Fig 3](#pcbi.1007678.g003){ref-type="fig"}** shows APs of Pitx2-deficient LA cells in the absence or presence of 2μM flecainide. In all cases of Pitx2-deficient LA myocytes, the flecainide therapy rescued abnormal depolarizations (Pitx2-3 and Pitx2-4), RMP elevation, increased overshoot, dVdt~max~ acceleration, and APD abbreviation. To investigate exactly how the flecainide therapy contributes to the antiarrhythmic effects, we conducted additional simulations by including flecainide actions on each ionic target (i.e., *I*~*Na*~, *I*~*Kr*~ or RyR) separately in the Pitx2-4 model. Compared with APs in the presence of 2μM flecainide on all targets (**[Fig 3F](#pcbi.1007678.g003){ref-type="fig"}**), triggered APs were still observed in Pitx2-4 cells with the action of flecainide on *I*~*Na*~ or *I*~*Kr*~ only **([Fig 3G and 3H](#pcbi.1007678.g003){ref-type="fig"})** but not in LA myocytes with the effect of flecainide on RyR alone **([Fig 3I](#pcbi.1007678.g003){ref-type="fig"})**.

![Antiarrhythmic effects of flecainide on action potentials (AP, V~m~).\
**a**, Comparison of APs of LA cells in the presence or absence of 2 μM Fle. The main AP parameters included RMP (**b**), overshoot (**c**), dVdtmax (**d**) and APD (**e**). Simulated effects of 2 μM Fle on all targets (**f**), and on I~Na~ (**g**), on I~kr~ (**h**) and on RyR (**i**) respectively. Blue arrows indicate delayed afterdepolarizations. Abbreviations: LA--left atrium; Fle--flecainide; RMP--resting membrane potential; dVdt~max~−maximum upstroke velocity; APD--action potential duration; RyR--ryanodine receptor.](pcbi.1007678.g003){#pcbi.1007678.g003}

Further simulations were conducted to examine whether the flecainide therapy can reduce the heterogeneity in AP features between RA and LA caused by Pitx2 deficiency-induced electrical remodelling. In presence of 2μM flecainide, our results indicate that heterogeneity in AP features (including AP profile, RMP, overshoot, dVdt~max~ and APD~90~) between RA and LA increased to varying degrees, compared to those in the absence of flecainide (**[S4A--S4E Fig](#pcbi.1007678.s004){ref-type="supplementary-material"}**). With the increase of flecainide concentration within the therapeutic range (0.5--2 μM), dVdt~max~ decreased and APD~90~ increased in both RA and LA cells. However, their differences between RA and LA cells were not reduced (**[S4F and S4G Fig](#pcbi.1007678.s004){ref-type="supplementary-material"}**).

Arrhythmogenesis of Pitx2 deficiency in 1D computer model {#sec012}
---------------------------------------------------------

We then examined the effect of Pitx2-induced remodeling on electrical excitation and heterogeneity of conduction in a 1D strand model with a total of 150 atrial cells (\#1 - \#75 for RA and \#76 - \#150 for LA). Under the control condition, pacing at the RA end (cell \#1) using an extra stimulus led to electrical propagation from RA to LA. AP and Ca~i~ along the control RA-LA strand had no obvious difference, while significant heterogeneities in AP and Ca~i~ and triggered APs originating from LA were observed under Pitx2-deficient conditions (Pitx2-3 and Pitx2-4) (**[Fig 4A](#pcbi.1007678.g004){ref-type="fig"}**). After administration of 2 μM flecainide, these heterogeneities in the Pitx2-deficient strand still existed, but atrial ectopic beats were suppressed (**[Fig 4B](#pcbi.1007678.g004){ref-type="fig"}**). Similar to the single cell modelling results, these ectopic beats remained in Pitx2-4 cells with the action of flecainide on *I*~*Na*~ or *I*~*Kr*~ only, but were suppressed by the block effect of flecainide on RyR alone (**[S5A--S5D Fig](#pcbi.1007678.s005){ref-type="supplementary-material"}**).

![Simulated electrical (V~m~) and calcium (Ca~i~) waves in a 1D RA-LA strand.\
**a,** Simulated V~m~ and Ca~i~ waves in the drug-free settings (**a**) and in the presence of 2 μM flecainide (**b**). Comparison of CV(**c**) and WL (**d**) of LA (black) versus RA (grey) strands in the drug-free settings. In the presence of 2 μM flecainide, CV (**e**) and WL (**f**) are compared between RA and LA strands. The 1D strand contains 75 RA (\#1-\#75) cells and 75 LA (\#76-\#150) cells. Electrical waves were elicited by an extra stimulus at the RA end and propagated from RA to LA. Blue arrows indicate spontaneous delayed afterdepolarizations, triggered action potentials and calcium transients. Abbreviations: 1D --one-dimensional; RA--right atrium; LA--left atrium; CV--conduction velocity; WL--Wavelength.](pcbi.1007678.g004){#pcbi.1007678.g004}

To further quantify potential substrates of re-entrant arrhythmias, we measured conduction velocity (CV) and wavelength (WL) in both RA and LA. Compared with those under the control condition, reduction in CV and WL was observed in the four Pitx2-deficient LA strand models but not in the RA model (**[Fig 4C and 4D](#pcbi.1007678.g004){ref-type="fig"}**), leading to increased dispersion of repolarization and elevated susceptibility to re-entry. After administration of flecainide, for the control and four Pitx2-deficient LA cases, CV and the differences between RA and LA remained (**[Fig 4E](#pcbi.1007678.g004){ref-type="fig"}** and **[S5E Fig](#pcbi.1007678.s005){ref-type="supplementary-material"}**), while prolongation of WL occurred in both the LA and RA (**[Fig 4F](#pcbi.1007678.g004){ref-type="fig"}** and **[S5F Fig](#pcbi.1007678.s005){ref-type="supplementary-material"}**), thereby reducing the incidence of arrhythmias induced by Pitx2 deficiency.

Structural remodelling promoting abnormal electrical activity at the tissue level {#sec013}
---------------------------------------------------------------------------------

To further investigate focal arrhythmia arising from spatiotemporal synchronization of triggered APs due to Pitx2 deficiency as well as structural remodelling (fibrosis and cell-to-cell coupling), we designed a 2D tissue model (500×500) in which normal LA myocytes (white), Pitx2-4 remodeled LA cells (gray) and fibrosis (black) were randomly distributed (**[Fig 5A](#pcbi.1007678.g005){ref-type="fig"}**). The entire tissue was preconditioned at the beginning to produce AP synchronization according to de Lang's method\[[@pcbi.1007678.ref033]\]. In the well-coupled tissue, 20% Pitx2-4 cells could not overcome the sink-source mismatch to produce excitation waves (**[Fig 5B](#pcbi.1007678.g005){ref-type="fig"}**). However, increased number of Pitx2-4 cells, reduced cell-to-cell coupling or upregulated fibrosis **([S6 Fig](#pcbi.1007678.s006){ref-type="supplementary-material"})** can produce triggered waves (**[Fig 5C--5E](#pcbi.1007678.g005){ref-type="fig"}**). Furthermore, persistently triggered activity was observed in the model with both cell-to-cell uncoupling and fibrosis (**[Fig 5F](#pcbi.1007678.g005){ref-type="fig"}**). Thus, in addition to Pitx2 deficiency-induced electrical remodeling, structural remodeling can further increase susceptibility to ectopic beats at the tissue level.

![Simulated spontaneous ectopic activity and re-entry.\
**a,** A 500×500 square tissue model includes normal atrial myocytes, Pitx2-4 remodelled LA cells, fibrosis, and gap junctions. Simulated spontaneous ectopic activity in the tissue model with 20% Pitx2-4 cells (**b**), with further increased Pitx2-4 cells (**c**), with enhanced cell-to-cell uncoupling (**d**), with increased fibrosis (**e**), and with increased cell-to-cell uncoupling and fibrosis (**f**). Re-entrant waves in the drug-free Pitx2-4 settings (**g**) and in the presence of 2 μM flecainide (**h**). Note: For the \#1 scenario, the diffusion coefficient (D) was set to be 100% and the ratio of normal cells, Pitx2-4 cells and fibrosis was set to be 80:20:0. For the \#2 scenario, the number of Pitx2-4 cells was increased to 40% and thereby the ratio of different cell types was 40:60:0. And D was set to be 100%. For the \#3 scenario, D was reduced to 30% to model cell-to-cell uncoupling and the ratio of different cell types was set to be 80:20:0. For the \#4 scenario, fibrosis was increased to 2% and thereby the ratio of different cell types was 78:20:2. And D was set to be 100%. For the \#5 scenario, fibrosis was increased to 2% and D was reduced to 30%. And the ratio of different cell types was 78:20:2.](pcbi.1007678.g005){#pcbi.1007678.g005}

We also investigated spiral wave dynamics and re-entry initiated from unidirectional conduction within the vulnerable window (VW) using an S1-S2 protocol. Under the drug-free Pitx2-4 condition, a spiral wave was initiated within its VW (230--232 ms) **([S7A Fig](#pcbi.1007678.s007){ref-type="supplementary-material"}** and **[S1 Video](#pcbi.1007678.s013){ref-type="supplementary-material"})** and transformed into fibrillated-like waves. Furthermore, it facilitated the development of triggered activity and interacted with ectopic beats (**[Fig 5G](#pcbi.1007678.g005){ref-type="fig"})**. In the presence of 2 μM flecainide, a planar wave slowly propagated and then produced a spiral wave within a shorter VW (294.7--296 ms) **([S7B Fig](#pcbi.1007678.s007){ref-type="supplementary-material"}** and **[S2 Video](#pcbi.1007678.s014){ref-type="supplementary-material"}).** However, this re-entrant wave self-terminated at 8450 ms and no triggered activity occurred (**[Fig 5H](#pcbi.1007678.g005){ref-type="fig"}).** Thus, the efficacy of flecainide in suppressing Pitx2-induced AF may be attributed to its effects on triggered activity and WL.

A quantitative summary of electrophysiology characteristics is listed in **[Table 2](#pcbi.1007678.t002){ref-type="table"}**.

10.1371/journal.pcbi.1007678.t002

###### A quantitative summary of electrophysiology characteristics.

![](pcbi.1007678.t002){#pcbi.1007678.t002g}

                     Control   Pitx2-1        Pitx2-2        Pitx2-3        Pitx2-4        Control+F      Pitx2-1+F      Pitx2-2+F      Pitx2-3+F      Pitx2-4+F      
  ------ ----------- --------- -------------- -------------- -------------- -------------- -------------- -------------- -------------- -------------- -------------- --------------
  Cell   RMP         RA        -79.89         -79.81         -79.87         -79.97         -79.86         -81.62         -81.59         -81.63         -81.77         -81.67
  LA     -80.97      -77.45    -82.05         -84.38         -83.23         -82.10         -78.90         -83.23         -85.94         -82.82                        
         OS          RA        24.25          24.23          24.24          24.29          24.25          24.15          24.14          24.16          24.23          24.20
  LA     24.73       22.75     24.86          25.33          27.73          24.45          22.45          24.56          24.94          27.01                         
         dVdt~max~   RA        205.7          205.3          205.6          206.0          205.7          205.6          205.5          205.6          206.2          205.9
  LA     209.1       193.8     211.9          215.8          231.4          207.6          192.9          210.2          212.9          226.3                         
         TA          RA        No             No             No             No             No             No             No             No             No             No
  LA     No          No        No             Yes            Yes            No             No             No             No             No                            
         APD         RA        292.5          292.7          292.0          290.6          291.5          358.9          359.1          358.3          356.8          357.5
  LA     246.5       258.7     221.1          204.2          224.5          333.4          354.9          280.8          237.5          261.6                         
         ΔAPD                  46.0           34.0           70.9           86.4           67.0           25.5           4.2            77.5           119.3          95.9
  1D     CV          RA        48.61          48.62          48.60          48.59          48.63          47.24          47.27          47.25          47.23          47.28
  LA     48.48       34.56     33.27          33.01          35.59          47.22          33.46          32.45          32.25          34.53                         
         ΔCV                   0.13           14.06          15.33          15.58          13.04          0.02           13.81          14.8           14.98          12.75
         WL          RA        13.69          13.70          13.66          13.65          13.66          18.57          18.59          18.54          18.44          18.50
  LA     11.49       8.571     7.087          6.735          7.295          17.11          13.36          9.791          7.887          9.641                         
         ΔWL                   2.2            5.129          6.573          6.915          6.365          1.46           5.23           8.749          10.553         8.859
         TA                    No             No             No             Yes            Yes            No             No             No             No             No
         VW~RA-LA~             293.8--294.5   324.8--327.8   293.8--295.8   291.8--298.8   291.8--294.8   359.8--360.8   398.8--402.8   332.8--349.8   332.8--352.8   332.8--349.8
  2D     Re-entry              \-             \-             \-             \-             Yes            \-             \-             \-             \-             No
  TA                 \-        \-             \-             \-             Yes            \-             \-             \-             \-             No             

Note: In order to evaluate the RA-to-LA electrical heterogeneity, VW~RA-LA~ of unidirectional conduction block, an index to quantify the RA-to-LA electrical heterogeneity, was quantified by varying the S1-S2 interval in the RA-to-LA strand model with 250 RA myocytes and the other 250 LA cells. The protocol included 10 S1 stimuli applied at the end of the RA part and an S2 stimulus applied at the end segment of the atrial strand.

Discussion {#sec014}
==========

Pitx2 plays a critical role in heart development and left-right atrial asymmetry, and its deficiency is associated with a 65% increased risk of AF\[[@pcbi.1007678.ref003]\]. Flecainide therapy for patients with Pitx2 deficiency seems promising, though its mechanism remains elusive\[[@pcbi.1007678.ref015], [@pcbi.1007678.ref025], [@pcbi.1007678.ref034]\]. To our knowledge, this is the first systematic in silico study to improve our understanding of the mechanism underlying Pitx2 deficiency induced AF by employing novel bio-physics based multi-scale computer models. More specifically, we have developed and studied a family of human atrial cellular models grouped by different levels of electrical remodelling due to Pitx2 deficiency, and at a single cell, 1D strand and 2D tissue level. Furthermore, we have included structural remodelling (fibrosis and cell-to-cell coupling) into our modelling study as well.

The key findings of this study are twofold. Firstly, we found that shortened APD, elevated RMP and slow conduction occur in LA cells with Pitx2 deficiency due to the identified remodelled vital channels. Notably, the elevated function of SERCA increases SR Ca^2+^ concentration, thereby enhancing susceptibility to triggered activity. Furthermore, heterogeneity is further elevated due to Pitx2 deficiency: 1) Electrical heterogeneity between RA and LA increases; and 2) Increased fibrosis and decreased cell-cell coupling due to structural remodelling slow electrical propagation and provide obstacles to attract re-entry, facilitating the initiation of re-entrant circuits. Secondly, our study suggests that the interaction of flecainide with RyR prevents spontaneous calcium release and reduces VW (or increases WL), contributing to the efficacy of the class Ic AADs. In contrast with existing studies, our study suggests that Na^+^ channel effect alone is insufficient to explain the effectiveness of flecainide. Additionally, the introduction of flecainide fails to reverse the RA-to-LA electrical heterogeneity.

Ionic basis of Pitx2 insufficiency-induced AP phenotype {#sec015}
-------------------------------------------------------

Electrical remodelling due to Pitx2 insufficiency accounts for ectopic depolarizations\[[@pcbi.1007678.ref021], [@pcbi.1007678.ref024]\] and abbreviated APs\[[@pcbi.1007678.ref014]\], contributing to AF, but the ionic mechanisms underlying these changes in AP characteristics remain unclear. In the present study, we incorporated variations in experimental data into four computer models (Pitx2-1, Pitx2-2, Pitx2-3 and Pitx2-4). In these models, the Pitx2-4 model took into account all identified regulators and best represented Pitx2 deficiency-induced electrical remodelling. Ionic mechanisms underlying Pitx2 insufficiency-induced AP phenotype in different Pitx2 models were investigated by incorporating each ionic remodelling into the control model and reversing each remodelled target separately in the Pitx2-4 model. Consistent with experimental data on Pitx2 insufficiency-induced electrical remodelling\[[@pcbi.1007678.ref016], [@pcbi.1007678.ref019]--[@pcbi.1007678.ref021]\], remodelled targets considered in the Pitx2-4 model include *I*~*K1*~, *I*~*Na*~, *I*~*CaL*~, *I*~*Ks*~, RyR and SERCA. In these remodelled targets, we observed that downregulated *I*~*K1*~ resulted in a more positive RMP and a prolonged APD, upregulated *I*~*Na*~ contributed to a high overshoot and dVdt~max~, the *I*~*Ks*~ increase and (or) the *I*~*CaL*~ decrease led to a reduction in APD, and increased SR calcium load due to enhanced SERCA function caused triggered APs. On the one hand, our simulated results support the notion that down-regulation of *I*~*CaL*~ and up-regulation of *I*~*Ks*~ are hallmarks of electrical remodelling in AF patients and mainly cause APD shortening\[[@pcbi.1007678.ref035], [@pcbi.1007678.ref036]\]. On the other hand, our results demonstrate that enhanced SERCA function can increase the incidence of spontaneous SR calcium release events, in line with the experimental observation in AF patients\[[@pcbi.1007678.ref037], [@pcbi.1007678.ref038]\]. The calcium extrusion due to the spontaneous SR calcium release via *I*~*NCX*~ can contribute to phase-4 depolarizations. In addition to the inward *I*~*NCX*~ due to enhanced SERCA function, the remodelled *I*~*K1*~ and *I*~*Na*~ modulate RMP and membrane excitability\[[@pcbi.1007678.ref024]\], but our data and other studies\[[@pcbi.1007678.ref037], [@pcbi.1007678.ref038]\] suggest that triggered APs are mainly due to SR calcium load resulted from enhanced SERCA function.

Role of remodelling under Pitx2-deficiency in arrhythmogenesis {#sec016}
--------------------------------------------------------------

Increased electrical heterogeneity between RA and LA due to down-regulated Pitx2 expression implicated in the initiation and maintenance of re-entrant arrhythmias.\[[@pcbi.1007678.ref039]\] Since the ratio of Pitx2 between LA and RA is 100:1 in the human atria,\[[@pcbi.1007678.ref010]\] we assumed that the extent of remodelling after Pitx2 deletion is dependent on the amount of Pitx2. In this study, increased electrical heterogeneity may result from the difference in Pitx2-induced remodelling between LA and RA. In our study, we observed that electrical remodeling induced by Pitx2 deficiency causes APD abbreviation and ectopic depolarizations in LA myocytes, but not in RA myocytes. Thus, Pitx2 insufficiency can cause an elevated difference in electrical properties between RA and LA cells, increasing repolarization dispersion in tissue and thereby susceptibility to the development of re-entry\[[@pcbi.1007678.ref032], [@pcbi.1007678.ref040], [@pcbi.1007678.ref041]\]. Furthermore, Pitx2 deficiency can also cause LA structural remodeling by regulating cardiac structural genes, increasing electrical and structural heterogeneity between the two atrial chambers. Finally, our computer simulation studies suggest that the introduction of flecainide can suppress triggered activity but fail to reverse the RA-to-LA electrical heterogeneity. The presence of increased fibrosis and decreased cell-to-cell coupling under structural remodelling further facilitates slow conduction, WL abbreviation, triggered activity and the initiation of re-entrant drivers, increasing susceptibility to AF. It is known that Pitx2-dependent network regulates cardiac structural genes (*Gja1*, *Gja5* and *Dsp*)\[[@pcbi.1007678.ref021]\] and Pitx2-induced structural remodeling leads to fibrosis and cell-cell uncoupling\[[@pcbi.1007678.ref042]\]. Also, structural remodeling due to the left-sided Pitx2 expression increases the intrinsic heterogeneity (i.e., CV and WL) between RA and LA, facilitating the development of re-entry (**[Fig 6A](#pcbi.1007678.g006){ref-type="fig"}**).

![Mechanisms underlying Pitx2 deficiency-induced AF and ionic mechanisms of anti-arrhythmic effects of flecainide in AF patients with Pitx2 down-regulation.\
**a,** Pitx2 regulates calcium handling genes Atp2a2, Ryr2 and Sln, electrical remodelling genes Scn5a, Kcnj2, Kcnj4, Kcnj11, Kcnj12, Kcnq1 Cacna1d, Cacna2d2, and Cav1, and structural remodelling genes Gja1, Gja5 and Dsp. Pitx2 down-regulation in the LA leads calcium handling abnormities, electrical remodelling and structural remodelling, contributing to APD abbreviation, slowed atrial conduction and DAD, leading to AF triggers and substrates. **b**, Flecainide has block effects on RyR, I~Na~ and I~Kr~. Flecainide can reduce spontaneous calcium waves and triggered activity, and prolong the APD, thereby suppressing Pitx2 deficiency-induced AF. Abbreviations: AF--atrial fibrillation; LA--left atrium; DAD--delayed afterdepolarization; APD--action potential duration; RyR--ryanodine receptor.](pcbi.1007678.g006){#pcbi.1007678.g006}

Antiarrhythmic effects of flecainide {#sec017}
------------------------------------

The class Ic AAD flecainide has antiarrhythmic effects on triggered activity by suppressing spontaneous SR calcium release via RyR, and on re-entrant arrhythmia by prolonging WL in Pitx2-induced AF. Population-based studies have established that the two SNPs, rs2200733 and rs10033464, from chromosome 4q25 near Pitx2 are associated with high incidence of AF\[[@pcbi.1007678.ref025]\]. Furthermore, there exists evidence that carriers of the variant allele at rs10033646 respond favourably to class Ic AADs including flecainide. The possible mechanism, as Syeda et al. suggest, is the inhibition of *I*~*Na*~ in the presence of flecainide, therefore increasing post-repolarization refractory and suppressing arrhythmias in LA with Pitx2 deficiency.\[[@pcbi.1007678.ref015]\] Some experimental studies also suggest that the interaction of flecainide with *I*~*Kr*~ and RyR plays an important role\[[@pcbi.1007678.ref026], [@pcbi.1007678.ref030]\]. The precise antiarrhythmic mechanism of flecainide on Pitx2-induced AF remains unsettled. In this study, our results provide novel mechanistic insights on the crucial role of actions of flecainide on *I*~*Kr*~ and *RyR* in its antiarrhythmic effect. Our simulation study suggests inhibition of *I*~*Na*~ alone in the presence of flecainide plays a minor role in suppressing AF. It is known that the action of flecainide on RyR can suppress triggered activity, for example, the previous studies on the flecainide therapy in catecholaminergic polymorphic ventricular tachycardia.\[[@pcbi.1007678.ref022], [@pcbi.1007678.ref026]\] Furthermore, flecainide had antiarrhythmic effects on Pitx2-induced AF due to its action on *I*~*Kr*~ by prolonging WL, decreasing susceptibility of tissue to re-entrant arrhythmias (**[Fig 6B](#pcbi.1007678.g006){ref-type="fig"}**).

However, flecainide also had adverse effects in Pitx2-induced AF. On the one hand, both of Pitx2-induced structural remodelling and the action of flecainide on *I*~*Na*~ can slow CV and facilitate re-entry. On the other hand, both of Pitx2-induced electrical remodelling and the actions of flecainide on ion channels may increase the RA-to-LA electrical heterogeneity, promoting APD dispersion and thereby unidirectional conduction block indexed by VW~RA-LA~\[[@pcbi.1007678.ref031], [@pcbi.1007678.ref032]\]~.~ These findings support the notion that flecainide is not recommended in patients with structural heart disease due to high proarrhythmic risk based on the clinical findings\[[@pcbi.1007678.ref043]\]. Thus, flecainide may be an effective antiarrhythmic drug for the treatment of Pitx2-induced AF patients without the structural disease\[[@pcbi.1007678.ref042], [@pcbi.1007678.ref044], [@pcbi.1007678.ref045]\].

Limitations {#sec018}
-----------

Although the CRN model is based on human measurements, it cannot reproduce DADs due to overloaded calcium in the SR\[[@pcbi.1007678.ref046]\]. Therefore, the CRN model was modified and validated to generate our basal model (CRN-TPA) developed by our group\[[@pcbi.1007678.ref024]\]. In this study, the modified Grandi model and the CRN-TPA model were chosen as they are able to reproduce human AP morphology, triggered activity **([S8 Fig](#pcbi.1007678.s008){ref-type="supplementary-material"} and [S2 Table](#pcbi.1007678.s012){ref-type="supplementary-material"})**, APD rate dependence and excitation dynamics for studying re-entrant arrhythmias in human atrial tissue\[[@pcbi.1007678.ref024], [@pcbi.1007678.ref047], [@pcbi.1007678.ref048]\]. There are several limitations special to this study here. Firstly, effects of Pitx2 insufficiency were assumed to be qualitatively similar between human and animal atria. Furthermore, in agreement with an experimental study\[[@pcbi.1007678.ref021]\] in which the extent of remodelling due to Pitx2 deletion was found to be dependent on the amount of Pitx2 expression, the ratio of remodelling between LA and RA was set to be 100:1. These assumptions warrant further investigations. Secondly, although we predicted Pitx2-induced AF phenotypes, including DADs in LA myocytes and ectopic beats and re-entry in LA tissues, these models do not explicitly represent subcellular calcium dynamics to simulate calcium sparks and the effects of the drugs on them\[[@pcbi.1007678.ref037], [@pcbi.1007678.ref038]\]. These ectopic beats in LA tissues were simulated by synchronizing LA cells and this protocol was based on experimental studies showing that spontaneous calcium releases are synchronous and overcome source-sink mismatch to generate focal arrhythmias in intact hearts\[[@pcbi.1007678.ref049]--[@pcbi.1007678.ref051]\]. Therefore, the mechanisms underlying spatiotemporal synchronization of SR calcium release in atrial tissue should be further explored. Thirdly, fibrosis was modelled as nonconducting tissue in this study as consistent with our previous studies\[[@pcbi.1007678.ref052], [@pcbi.1007678.ref053]\] and others\[[@pcbi.1007678.ref054]\]. In contrast, fibrosis was electrically coupled with healthy myocytes in some modelling studies\[[@pcbi.1007678.ref055]\]. Although different methodologies were used to model fibrosis in the past, they all draw the similar conclusions with regard to the role of fibrosis in AF\[[@pcbi.1007678.ref052], [@pcbi.1007678.ref056]--[@pcbi.1007678.ref058]\]. Finally, the precise spatial distribution of Pitx2 throughout human atria was unknown, therefore the regional difference in the cellular properties and remodelling was not investigated. Furthermore, we modelled atrial heterogeneity in the RA-LA tissue by considering the difference in *I*~*Kr*~\[[@pcbi.1007678.ref028]\]. However, the ionic differences between the RA and LA are more diverse \[[@pcbi.1007678.ref059], [@pcbi.1007678.ref060]\], and this intrinsic heterogeneity should be considered. In addition, our idealized RA-LA tissue model did not include transition regions between RA and LA, electrical properties of transition regions, realistic geometry of these subregions, and fibre orientation. These limitations lead to a sharp transition between the RA and LA in our idealized tissue model. Special attention should be paid to explain our simulated results, and the effects of these factors on perpetuation and maintenance of re-entrant excitation should be further investigated\[[@pcbi.1007678.ref052]\]. Therefore, how the Pitx2-dependent gene regulatory network affects calcium homeostasis, intrinsic electrical heterogeneity, tissue structure, and atrial rhythm provide opportunities for further studies.

Conclusions {#sec019}
-----------

Electrical and structural remodelling due to Pitx2 deficiency promoted arrhythmogenesis, leading to the development of after-depolarizations and re-entrant excitation. Effects of the class Ic AAD flecainide on AP morphology and tissue dynamics under Pitx2 deletion conditions, particularly its interaction with RyR for preventing spontaneous calcium release, demonstrated that flecainide is effective for the treatment of Pitx2-induced AF patients without structural diseases. We expect that these and analogous efforts will contribute to improved platforms for AF risk determination and therapeutic stratification.

Supporting information {#sec020}
======================

###### Intracellular structures of the Courtemanche et al. model (CRN), our human atrial (TPA) model and a new human atrial model (CRN_TPA) constructed by integrating the calcium dynamics of our TPA model into the CRN model.

The CRN_TPA model was developed by combining the calcium handling formulations from the TPA model and the transmembrane currents of the CRN model. The cell space includes a sub-cellular compartment dyadic cleft (SS), the sarcoplasmic reticulum (SR), the cytoplasm and cell membrane.
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Click here for additional data file.

###### Interactions of Class Ic AAD flecainide with ion channels.

Dose-response for the inhibitory effects of flecainide on I~Na~, I~Kr~, and RyR showed that IC50 values are 84±4 μM, 1.5±0.1 μM, and 55±8 μM, respectively. Abbreviations: AAD--antiarrhythmic drug; RyR--ryanodine receptor; *IC*~*50*~ half-maximal inhibitory concentration.
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Click here for additional data file.

###### Role of individual remodelled targets in the Pitx2 deficiency-induced atrial fibrillation.

Effects of individual remodelled targets (I~K1~, I~Na~, I~Ks~, I~CaL~, RyR or SERCA) on AP (a), RMP (b), overshoot (c), dVdtmax (d), APD (e) and CaSR (f). Effects of reversing remodelled individual targets on key indicators (g-l). haBlue arrows indicate spontaneous delayed afterdepolarization (DAD). Abbreviations: RyR--ryanodine receptor; SERCA--calcium transport ATPase; AP--Action potential; RMP--resting membrane potential; dVdtmax--maximum upstroke velocity; APD--action potential duration; CaSR--sarcoplasmic reticulum calcium content.
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###### 

Click here for additional data file.

###### Antiarrhythmic effects of flecainide on action potentials (AP, Vm) of LA and RA cells under control, Pitx2-1, Pitx2-2, Pitx2-3 and Pitx2-4 conditions.

a, Comparison of APs of LA (red) versus RA (gray) cells in the presence of 2μM flecainide under control and four Pitx2-deficiency conditions. The main AP parameters included RMP (b), overshoot (c), dVdtmax (d) and APD (e). Within clinical dose (0.5\~2 μM), flecainide reduced dVdtmax (f) and prolonged APD (g). Abbreviations: LA--left atrium; RA--right atrium; Fle--flecainide; RMP--resting membrane potential; dVdtmax--maximum upstroke velocity; APD--action potential duration.
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###### 

Click here for additional data file.

###### Antiarrhythmic effects of flecainide on electrical (Vm) and calcium (Cai) waves.

Compared with Vm and Cai waves in the drug-free Pitx2-4 settings (a), these waves in the presence of 2 μM flecainide on targeting I~Na~ (b), on I~kr~ (c) and on RyR alone (d) respectively. Blue arrows indicate spontaneous delayed afterdepolarizations, triggered action potentials and calcium transients. Within clinical dose (0.5\~2 μM), flecainide reduced CV (e) and prolonged WL (f). Abbreviations: RyR--ryanodine receptor; CV--conduction velocity; WL--Wavelength.
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###### Effects of fibrosis and cell-to-cell uncoupling on ectopic beats.

a, Simulated spontaneous ectopic activity and re-entrant waves in the tissue model with increased fibrosis. b, Simulated ectopic activity and re-entrant waves in the tissue model with cell-to-cell uncoupling.
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Click here for additional data file.

###### Vulnerable window (VW) of unidirectional block from premature stimulation.

Bidirectional conduction block, unidirectional conduction block and bidirectional conduction in the drug-free Pitx2-4 settings (a) versus in the presence of 2 μM flecainide (b). VW under Pitx2-1, Pitx2-2, Pitx2-3 and Pitx2-4 conditions in the drug-free Pitx2-4 settings (c) versus in the presence of 2μM flecainide (d).
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Click here for additional data file.

###### Simulated action potentials (AP) of left atrial (LA) and right atrial (RA) cells under controls and Pitx2-induced remodelling conditions.

At a pacing frequency of 2Hz, AP under control, Pitx2-1, Pitx2-2, Pitx2-3 and Pitx2-4 conditions. Black and grey markers were used for LA and RA cells, respectively. Blue arrows indicate spontaneous delayed afterdepolarizations and triggered action potentials.
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###### 

Click here for additional data file.

###### Effects of Pitx2-induced remodelling on action potential duration (APD) restitution properties.

(a-e) APD restitution curves for control, Pitx2-1, Pitx2-2, Pitx2-3 and Pitx2-4 conditions. Black and grey markers were used for LA and RA cells, respectively. Abbreviations: APD--action potential duration; DI--diastolic interval; LA--left atrial cell; RA--right atrial cell.
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###### 

Click here for additional data file.

###### Simulated action potentials (AP) of left atrial (LA) and pulmonary vein (PV) cells under controls and Pitx2-induced remodelling conditions.

At a pacing frequency of 2Hz, AP under control, Pitx2-1, Pitx2-2, Pitx2-3 and Pitx2-4 conditions. Black and red markers were used for LA and PV cells, respectively. Blue arrows indicate spontaneous delayed afterdepolarizations and triggered action potentials.

(DOCX)
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###### Ionic differences in regional cell models.
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###### A quantitative summary of electrophysiology characteristics for left atrial (LA) and pulmonary vein (PV) cells under controls and Pitx2-induced remodelling conditions.

(DOCX)

###### 

Click here for additional data file.

###### Re-entry in 2D idealized geometry under the drug-free Pitx2-4 condition.

(AVI)

###### 

Click here for additional data file.

###### Re-entry in 2D idealized geometry under the Pitx2-4 condition in the presence of 2 μM flecainide.

(AVI)
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Click here for additional data file.

###### Supplementary Methods and Results.
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Click here for additional data file.

10.1371/journal.pcbi.1007678.r001

Decision Letter 0

McCulloch

Andrew D.

Associate Editor

Beard

Daniel A

Deputy Editor

© 2020 McCulloch, Beard

2020

McCulloch, Beard

This is an open access article distributed under the terms of the

Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

13 Sep 2019

Dear Dr Zhao,

Thank you very much for submitting your manuscript, \'Resolving the mechanism underlying increased susceptibility to atrial fibrillation in patients with impaired Pitx2\', to PLOS Computational Biology. As with all papers submitted to the journal, yours was fully evaluated by the PLOS Computational Biology editorial team, and in this case, by independent peer reviewers. The reviewers appreciated the attention to an important topic but identified some aspects of the manuscript that should be improved.

We would therefore like to ask you to modify the manuscript according to the review recommendations before we can consider your manuscript for acceptance. Your revisions should address the specific points made by each reviewer and we encourage you to respond to particular issues Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.raised.

In addition, when you are ready to resubmit, please be prepared to provide the following:

\(1\) A detailed list of your responses to the review comments and the changes you have made in the manuscript. We require a file of this nature before your manuscript is passed back to the editors.

\(2\) A copy of your manuscript with the changes highlighted (encouraged). We encourage authors, if possible to show clearly where changes have been made to their manuscript e.g. by highlighting text.

\(3\) A striking still image to accompany your article (optional). If the image is judged to be suitable by the editors, it may be featured on our website and might be chosen as the issue image for that month. These square, high-quality images should be accompanied by a short caption. Please note as well that there should be no copyright restrictions on the use of the image, so that it can be published under the Open-Access license and be subject only to appropriate attribution.

Before you resubmit your manuscript, please consult our Submission Checklist to ensure your manuscript is formatted correctly for PLOS Computational Biology: <http://www.ploscompbiol.org/static/checklist.action>. Some key points to remember are:

\- Figures uploaded separately as TIFF or EPS files (if you wish, your figures may remain in your main manuscript file in addition).

\- Supporting Information uploaded as separate files, titled \'Dataset\', \'Figure\', \'Table\', \'Text\', \'Protocol\', \'Audio\', or \'Video\'.

\- Funding information in the \'Financial Disclosure\' box in the online system.

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com>  PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>.

We hope to receive your revised manuscript within the next 30 days. If you anticipate any delay in its return, we ask that you let us know the expected resubmission date by email at <ploscompbiol@plos.org>.

If you have any questions or concerns while you make these revisions, please let us know.

Sincerely,

Andrew D. McCulloch, Ph.D.

Associate Editor

PLOS Computational Biology

Daniel Beard

Deputy Editor

PLOS Computational Biology

A link appears below if there are any accompanying review attachments. If you believe any reviews to be missing, please contact <ploscompbiol@plos.org> immediately:

\[LINK\]

Reviewer\'s Responses to Questions

**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

Reviewer \#1: This is an interesting modelling study of the role of genetic factors in the role of atrial fibrillation (AF). Specifically, the study focuses on mechanisms underlying Pitx2 deficiency-induced AF, as well as effects of anti-arrhythmic drug (AAD) flecainide in AF patients with Pitx2 down-regulation. Pitx2 deficiency promoted AF arrhythmogenesis in single-cell and tissue atrial models through to the development of after-depolarizations and re-entrant excitations, whereas flecainide prevents both. Overall, the work is novel and interesting, but the paper could benefit from clarification and a better presentation of some of the results. Please see my specific comments and suggestions below.

1\) The paper claims that "the introduction of flecainide fails to reverse the RA-to-LA electrical heterogeneity". However, it also stated that "in the presence of 2 μM flecainide, a planar wave ... produced a spiral wave within a shorter VW" (compared to the flecainide-free case, by less than 1 ms). It has been shown in several studied that shorter VW is a sign of reduced electrical heterogeneity (Colman et al., 2014; 16: 416-23, Varela et al., 2016; 12: e1005245). Hence, I would expect that APD dispersion under flecainide should be reduced by 1-2 ms -- was this measured? From the figures presented this is impossible to conclude, would it be possible to provide the actual numbers? It is also worth referencing the aforementioned studies, as they demonstrate the important role of increased atrial heterogeneity in AF arrhythmogenesis, and the modulating effects of AADs on the APD and APD dispersion. If flecainide in this study indeed reduces atrial heterogeneity even by a few ms, it should contribute to its anti-arrhythmic effect, as shown in the studies by Colman and Varela.

2\) Four genetic variants Pitx2-1, -2, -3, -4 are considered in single-cell, 1D and 2D tissue models and multiple electrophysiology characteristics are measured in each case. Due do the large number of cases considered, it's not easy to see the general picture. The paper could benefit from one or more tables summarizing these multiple characteristics and their inter-relations (e.g., APD and VW increased/decreased, triggered activity or re-entry present/absent, etc).

3\) Atrial heterogeneity itself is modelled quite simplistically, which is a major limitation. First, there is a sharp transition between the RA and LA, which is non-physiological, since there is no direct conduction between the chambers (and even if there was, it would not have been a sharp charge). Moreover, RA-LA differences are accounted for by changing only one ionic current, IKr. However, ionic difference between the RA and LA are more diverse (Colman et al., J Physiol. 2013; 591: 4249-72). This should at least be mentioned in Limitations.

4\) Whereas all four Pitx2 models are characterised by shorter APD in the LA compared to RA, other AP characteristics change differently between the chambers and Pitx2 models. For example, RMP is higher in the LA in Pitx2-1 and Pitx2-4, but higher in the RA in Pitx2-2 and Pitx2-3; moreover, these difference are rate-dependent (Figure 2). It's worth discussing what are ionic mechanisms of such differences, and which Pitx2 model may be most physiological.

5\) I think some phrasing throughout the paper can be improved. First, the title "Resolving the mechanism..." makes an excessively strong statement and should be toned downed. Similarly, a statement about "demystifying" the role of Pitx2 in Introduction should be moderated. Then the second para of Introduction uses a lot of terms and jargon specific to a narrow research field and is difficult to follow -- please re-write using more general terms. Finally, in what sense are rs2200733 and rs10033464 "the most important variants"?

6\) Figure 5d and f are difficult to interpret (f in particular). Are we looking at the voltage? Do all cells in panels f fire at once (going from blue to yellow) and then become desynchronised (mixture of blue and yellow in the last two panels)? These patterns look non-physiological. Why in panels d the patterns are different, with desynchrony seen already in the second panel? Please also see comment 2 above about better systemising all results in the paper.

Reviewer \#2: This study by Bai et al. uses computational simulations to investigate the effects of impaired Pitx2 properties on atrial fibrillation susceptibility and reentry properties. The study uses single cell, 1D and 2D simulations to investigate these effects, comparing four different Pitx2 cell model representations. The effects of flecainide are then simulated on one of the cell model variants. This represents a nice and well-designed use of simulation to investigate AF mechanisms, incorporating available experimental data. I have a few main comments, and some minor comments for improving the presentation of the study.

Main comments:

1\) The results of this study may be highly dependent on the choice of atrial cell model. The authors show that calcium dynamics are important in predicting the effects of pitx2. Please could the authors justify their choice of cell model, and if possible predict how their findings would change with the use of a different atrial cell model?

2\) How do you think pulmonary vein cell response would compare to the left atrial cell model findings here? Could you perform a subset of simulations for a cell model with ionic properties modified to match pulmonary vein cells and see how DAD incidence and action potential properties change?

3\) The parameter changes for the different Pitx2 cell models should be included in the main body of the text rather than just in the supplement as this is fundamental to the study.

4\) It would be helpful to have more quantitative results in the text and not simply in the figures.

Minor comments:

Abstract:

• "Secondly, our study suggests\..." It isn't clear whether this finding is with or without Pitx2 changes, and which of the parameter sets it refers to.

Introduction:

• "The lack of Pitx2 can alter right-left atrium..." this sentence is very unclear.

Results:

• Are there are reported differences between Pitx2 level in the appendages or pulmonary veins compared to the atrial body?

• Section 3.1 is methods not results. It might be clearer to include the methods section first and then the results section.

• Why did you decide to use 1Hz and 2Hz pacing? Is 2Hz fast enough to test restitution properties? Please could you test the restitution properties of each cell model?

• The text says heterogeneity in AP features between RA and LA increased to varying degrees, and then later it says differences between RA and LA cells remained unchanged. Please clarify.

• Please include values in the text to support your statements. How much did APD decrease by etc.

• How did the Pitx2-3 cells respond to the block effect of flecainide?

• It would be very interesting to see how these differences in LA vs RA response affect AF simulations in a realistic bi atrial model.

• "Persistently triggered activity was observed in the model with both cell-to-cell uncoupling and fibrosis". Could you quantify this in terms of frequency of triggers, amount of uncoupling and degree of fibrosis?

• Please comment on the magnitude of the change in vulnerable window size. It seems like a small change with flecanide?

Discussion:

• Key finding 2: Increased fibrosis and decreased cell-to-cell coupling..." Did you show these anchor reentry in this paper?

• High "accidence" of AF -- should be "incidence"

• Limitations: Please discuss the choice of cell model.

• Limitations: The effect of fibrosis modeling methodology has been shown to affect simulated AF dynamics in previous studies.

Methods:

• Please include more details on how this model differs from the original CRN model and also on % changes in conductances for each Pitx2 model.

• Please include a reference for IC50 values.

• How much did CV change by for the reduced diffusion coefficient simulations?

• What % of cells were normal, Pitx2-4 and fibrosis in the simulations? Did you investigate the sensitivity of simulation outcome to this?

• Please include a link to your github.

Figure 1: Make subfigure d larger

Figure 4: Are any changes significantly different?

Figure 5: Not clear what b-f show?
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